The [NiFe] hydrogenases use an electron transfer relay of three FeS clusters -proximal, medial and distalto release the electrons from the principal reaction, H 2 / 2H + + 2e attack. The unusual structures and redox potentials of the proximal cluster are known: a structural change in the proximal cluster causes changes in its electron-transfer potentials. Using protein structure analysis and density functional simulations, this paper identifies a closed protonic system comprising the proximal cluster, some contiguous residues, and a proton reservoir, and proposes that it is activated by O 2 -induced conformational change at the Ni-Fe site. This change is linked to a key histidine residue which then causes protonation of the proximal cluster, and migration of this proton to a key m 3 -S atom.
Introduction
The hydrogenase enzymes catalyse the reactions H 2 
7,9,11-16
There is substantial knowledge of the protein structures and of the intermediates and mechanism for normal reactivity at the ( cys S) 2 Ni(m-S cys ) 2 Fe(CN) 2 (CO) catalytic site (Scheme 1).
2,3,9,17-23
The inactivation caused by O 2 introduces OH or O 2 H species at the bridging X site, forming inactive species that are 'ready' (Ni-B) or 'unready' (Ni-A) for reactivation. 1, 8, 19, [24] [25] [26] A key attribute of the O 2 -tolerant enzymes is modication of the redox potentials in the chain of three FeS clusters (Scheme 1) that transfer electrons to and from the catalytic site. 5, 7, 8 In recent years the crystal structures of these O 2 -tolerant enzymes from species Hydrogenovibrio marinus (Hm), Ralstonia eutropha (Re), Escherichia coli Hyd-1 (EcHyd-1) and Salmonella enterica Hyd-5 (SeHyd-5) have revealed their distinctive structural property, which is the presence of an unusual and unprecedented Fe 4 S 3 (S cys ) 6 cluster [27] [28] [29] [30] [31] in place of the standard Fe 4 S 4 (S cys ) 4 cluster at the proximal location, adjacent to the [Ni-Fe] active site, in the electron transfer chain.
This proximal cluster occurs in three oxidation states, described in terms of the core charges as [Fe 4 (SOX). The reduction potentials for the one-electron steps between these states are anomalously close, namely +232 mV (SOX/OX) and +87 mV (OX/RED) in Aquifex aeolicus, 32 (and ca. +160 mV, À60 mV in Alcaligenes eutrophus 6, 33 ). In Hm the two successive potentials are +230 and +30 mV, and in a slightly modied form of Hm are +175 and +90 mV. 34 This close separation of ca. one-electron transfer potentials for [Fe 4 S 4 ] clusters of 600 to 1000 mV, [35] [36] [37] and suggests that a structural change occurs in the sequence RED-OX-SOX.
Three crystallographic investigations [27] [28] [29] have revealed that the structure of the RED form of the proximal cluster in three different species is that shown in the upper panel of Fig. 1 . The RED cluster is derived from standard cubanoid Fe 4 S 4 (SR) 4 by the opening of one Fe-(m 3 -S) bond, replacement of m 3 -S with doubly-bridging Cys19 thiolate, and adding another cysteine to the released Fe3 atom (the atom numbering used here is that of Re 28 and EcHyd-1
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), resulting in the composition Fe 4 (m 3 -S) 3 (m-SR)(SR) 5 . The super-oxidised SOX structure of the proximal cluster is distinctly different (Fig. 1, lower panel) : the Fe4-S3 bond no longer exists, and the main chain amide of Cys20 is deprotonated and rotated so as form a bond to Fe4, maintaining the four-coordination of Fe4. This core structure is even more open than that of RED. Variations in the structure of the SOX form have been reported in the diffraction analyses of crystals prepared in different ways, and from different organisms. Crystals from EcHyd-1 showed evidence of variable conformations of the Glu76 side-chain, and of its coordination to Fe4 (Fig. 1, 3USE) . 29 A recent crystallographic analysis of the SOX form of Re (PDB 4IUB, Fig. 1) 30 revealed an additional OH ligand at Fe1. Further evidence for the OH ligand on Fe1 in the Re crystals has been provided, together with possible reasons for non-detection of this OH in the Hm and EcHyd-1 crystals. 30 On the basis of the controlled redox state of their crystals, Frielingsdorf et al. 30 concluded that the structure of the proximal cluster at the intermediate OX level is very similar to that of RED. The structures of the proximal cluster in the RED and SOX states are unprecedented.
The structures of the three redox states of the proximal cluster reveal the reason for their unusual reduction potentials.
In the SOX form the replacement of a m 3 -S ligand on Fe4 by deprotonated amide stabilises oxidised Fe 38 and markedly lowers its reduction potential to a value in the physiological potential range and only ca. 150 mV more positive than the OX reduction potential. 7, 8, 28, 29, 32, 34, 37 Additional coordination of OH À on Fe1 would also stabilise the oxidised cluster.
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The redox potentials of the proximal cluster allow it to collect one electron (OX / RED) from the Ni-Fe site as part of the H 2 oxidation cycle, and to discharge two electrons (RED / SOX) to the Ni-Fe site when it is necessary to enable four-electron reduction of O 2 (the other two electrons are believed to come from the medial cluster and the Ni-Fe site) and avoid inactivation of the Ni-Fe site. 6, 8, 10, [24] [25] [26] 30, 34 The proximal cluster has a key function in gating either one electron from or two electrons to the catalytic site (Fig. 2) .
Questions: what is the trigger mechanism?
These data and model just outlined provide a plausible account of the unusual ability of the electron transport chain to move electrons in two opposing directions depending on the substrate, H 2 or O 2 , that presents at the Ni-Fe catalytic site. In the presence of O 2 the proximal cluster adopts the SOX structure when it releases two 'rescue' electrons. 34 How can the catalytic site, when challenged by O 2 , signal to the proximal site the need for two electrons, and cause their delivery? The key must be the geometrical change that occurs at the proximal cluster and changes its OX/SOX potential from an otherwise inaccessible value (at least 500 mV too positive) to a value close to the RED/OX potential. What chemical event at the proximal cluster causes the necessary geometrical changes, the severing The auxiliary question also considered here is the signaling mechanism by which the presence of O 2 at the Ni-Fe site communicates to the proximal cluster this need for structural change.
I note in passing that the known correlations between geometrical structure and redox potential at the proximal cluster are based on equilibrium measurements, namely redox titrations and crystal structures. These describe thermodynamic states of the system, but the key question raised is kinetic and mechanistic. Expressed in electrochemical terms, the changes at the proximal cluster involve electron transfer (E) steps and chemical steps (C): the nature and sequence of the coupling of these is a relevant question, that could in principle be answered through kinetic electrochemical experiments such as variable scan-rate cyclic voltammetry.
Results
A clue to the trigger for structural change comes from recent density functional simulations (inspired by investigations of proton transfer aspects of the mechanism of nitrogenase [39] [40] [41] ) of The primary step in this catalysis is protonation of m 3 -S, which causes one S-Fe bond to break leaving three-coordinate Fe plus m-SH: the under-coordinated Fe is coordinated by solvent (acetonitrile). From this point the substitution mechanism develops in a rational fashion: a large amount of kinetic data has now been satisfactorily interpreted, based on the structural rearrangements that occur as a result of protonation of m 3 -S. 43 , in comparison with the structural change in the proximal cluster. The obvious hypothesis is that protonation of S3 is involved.
The computational methods and models used in this work are described in the ESI. † I modeled the proximal structure type computationally, rst as [Fe 4 S 3 (SMe) 6 6 ] occurs unchanged as a local energy minimum when it is oxidised by two electrons. Using a more elaborate model, Pelmenschikov and Kaupp also recorded a local energy minimum for the closed geometry when oxidised by two-electrons. 44 Subsequently, using even more complete models for the proximal cluster (ESI Fig. S4 †) , I have conrmed that the closed structure when oxidised by two electrons does not undergo barrierless opening, and further that the atom charges, spin densities, and interatomic distances change by remarkably small increments as the core [Fe 4 S 3 ] is oxidised from charge +3 to +4 and +5 (ESI Tables T2 and T3 ). †
The key results for the [Fe 4 S 3 (SR) 6 ] structure type are (1) the cluster is not opened geometrically by redox change, (2) the cluster is opened by protonation of the relevant m 3 -S atom, with the Fe-S(H) distance increasing by ca. 1Å, (3) this opening is reversed on deprotonation, and (4) this protonation behaviour is independent of the redox level of the cluster. The ndings support the premise that protonation of S3 could trigger the structural change of the proximal cluster in O 2 -tolerant hydrogenases.
The proximal cluster as a closed protonic system The two catalysed reactions that occur at the Ni-Fe site, oxidation of H 2 and reduction of O 2 , involve continuous provision of protons to or from the protein surrounds. Possible pathways for these proton transfers between the Ni-Fe catalytic site and the protein surface, and between the proximal cluster and protein surface, are evident in the protein structures and have been discussed.
1,27,29,30,45 Shomura et al. 27 and Frielingsdorf et al. 30 have suggested two different proton pathways between the Ni-Fe site and the proximal cluster. However, when the enzyme is turning over with H 2 only, or when it is repeatedly reactivating itself under oxic conditions (e.g. $2500 turnovers h À1 under 10% O 2 , without degradation 26 ), a continuous stream of protons is involved, and this proton stream can only connect with external solvent. The proximal cluster and the singleproton transfer pathways between it and the Ni-Fe site could not be the source or sink for the multiple protons in reactions involving H 2 or O 2 at the catalytic site. The mechanisms to be developed for the proton transfer steps at the proximal cluster must be readily reversible, and it is assumed that there is no change in the total number of protons at this site during each reaction cycle: the proximal cluster is postulated to be a closed protonic system.
The linkage between the proximal cluster and Ni-Fe site
There is a direct linkage between the Ni-Fe catalytic site and the proximal cluster, illustrated in Fig. 4 30 The Ni-Fe catalytic site and the proximal cluster are located in the large and small sub-units respectively, with the linkage crossing between the subunits at the His229 L N3 hydrogen bond (Fig. 4) .
Therefore it is postulated that the presence of O 2 at the Ni-Fe site causes conformational changes that are transmitted through the Cys L -Thr L /His L link to the proximal cluster. A protein conformational change caused even by the ingress of O 2 (larger than H 2 ) could also be transmitted through the interface between the large and small subunits. This mechanism for initiation of events at the proximal cluster due to changes at the Ni-Fe site does not require transfer of protons between the two cluster sites. The model developing from these considerations has two distinct proton transfer domains, and dual cycles, illustrated in Fig. 4 . The protons involved in the NH deprotonation cycle (blue) and the S3 protonation cycle (red) are spatially separate and involve different protons. Each cycle involves bond breaking/making (open arrows) around Fe4, which is likely to control the temporal relationship between the two cycles. The NH deprotonation cycle is considered to be the same as that already described by Pelmenschikov and Kaupp, 44 who did not consider protonation of S3 (ESI Fig. S3 †) . The analyses and simulations developed in this paper deal only with the S3 protonation cycle. Protonation of S3 in the protein can occur only in the endo conformation, in which the S3-H bond is directed towards Fe4. The alternative exo conformation for S3-H would also cause elongation of the S3-Fe4 bond, but the exo side of S3 is blocked for protonation by two well-developed peptide N-H-S3 hydrogen bonds from Cys115 S and Ser114 S (Fig. 4) . Calculations on a model (ESI Fig. S1(a) , also S4 †) that included residues 115, 114, and 113 showed that the N 115 -H-S3
Dual proton migrations in the proximal cluster
and N 114 -H-S3 hydrogen bonds do not control the position of S3 but do block its protonation on the exo side.
Proton source, and the role of His229
What is the source of the proton that could reach S3? The OH group found on Fe1 in oxidised Re is indicative of an OH or OH 2 ligand associated with Fe1 as a possible source. This OH/OH 2 ligand was not detected in crystal structures of the Hm and Ec proteins, but may be present. Should this OH or OH 2 ligand be absent from the coordination sphere of Fe1 in some forms of the proximal cluster, there is indication that it could be readily formed, because all crystal structures contain a conserved water molecule located about 4.5Å from Fe1, and there are no intervening atoms to interfere with its movement to and ligation of Fe1 (ESI Fig. S6 †) . This water molecule could be involved in an associative-dissociative equilibrium with Fe1, and could be a source of the proton that can move, reversibly, to S3. However, as described below, it is not necessary to use water as the proton source. Density functional simulations of OH 2 bound to Fe1 as a source of the proton to move towards S3 conrmed an expectation that as such it would be insufficiently acidic. The conjugate Fe-OH group is too basic to release a proton to the sulde and cysteinyl sulfur atoms as would be required for protonation of S3. Nonligated water is also insufficiently acidic to protonate the proximal cluster. However, His229 that is able to hydrogen bond to this OH 2 /OH entity is capable of relieving the conjugate basicity of OH by provision of a proton from its N3, particularly when pushed to do so by protonation of His Nd. Examination of the protein structure reveals how His Nd can be protonated. Fig. 5 domain so constituted can readily function as proton reservoir, and the carboxylate side-chain can easily relay a proton to or from Nd of His229. These features of the His229 surrounds occur in the crystal structures of all of the O 2 -tolerant proteins. Therefore it is concluded that His229 can be readily protonated, and thereby is able to function as promoter of the acidity required to push a proton onto atoms of the proximal cluster and to S3. As shown in Fig. 5 weakened ligation by protonated cysteine, (c) the ability of bridging Cys19 to reversibly unbridge from Fe4 or Fe1, and (d) the geometrical exibility of the cysteine side-chains. These explorations of possibilities also pointed to a mechanism involving direct protonation of S 19 by His229, without participation of any water present. This favourable mechanism is described in the following section: some additional results are provided in the ESI material. †
Proposed mechanism for protonation of S3 tetrahedral stereochemistry completed by O3 of Glu76 or S 19 ;
and H of His229 moves to and from S 19 as described above (see ESI Fig. S5 †) . Further investigation and understanding of the mechanism will require more realistic simulations using larger computational models that combine the S3 protonation cycle and the NH deprotonation cycle, testing the nature of their synchronicity. The uxionality shown in Scheme 2 will be part of the model. The Glu76 S side-chain carboxylate has dual roles in transferring the N
20
-H proton and temporarily providing additional coordination of Fe4 when it is separated from S 19 .
Three events are proposed to involve Fe4: (1) the breaking and making of bonds with S 19 and S3 during the proton migration (Fig. 6) ; (2) They tested the alanine mutant, and found it also to be compromised with respect to O 2 tolerance. In both mutants the side-chain has no acid-base capability, and their inability to provide O 2 tolerance is consistent with the proposed mechanism in which both are required to have proton transfer abilities. Shomura et al. noted that this Glu72 residue is not strictly Scheme 2 The sequence of atoms and bonds (coloured red) that is fluxional in the closed form of the proximal cluster. conserved in membrane bound hydrogenases, but that the contiguous Arg (see Fig. 5 ) is conserved.
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It is proposed that the Glu72 L carboxylate side-chain is mobile in transferring a proton to Nd of His229 L . This is supported by the observation of different conformations of this side-chain in Re and SeHyd-5 enzymes, illustrated in Fig. 7 .
There is a substantial (ca. 2Å) relocation of the Glu72 carboxylate O atoms, hydrogen bonding with the proton reservoir (3RGW), or folding down away from it (4C3O). The distances between the side-chain O atoms and Nd of His229 L are essentially the same in these two conformations, as are the abilities of the side-chain to rotate around the Cg-Cd bond and transfer a proton to Nd. The 4C3O crystal diffraction data yielded only 3.2 A resolution, with only 114 water molecules located, and therefore it is signicant that the water molecules shown in Fig. 7 (and in the other independent molecule) were evident and rened with below-average temperature factors. The connections shown in Fig. 7 suggest also that Glu72 and HOH3 could be part of the link that communicates O 2 -induced changes at the Ni-Fe site to the machinery for initiation of protonation of the proximal cluster. The model suggests further experimental tests. The hydrogen bonding protonic side chain of Arg73 L supports the proton reservoir, and so variants without this ability are predicted to interfere with the proposed mechanism. The sidechain of Thr79 L hydrogen bonds to His229 L as part of the purported link between the Ni-Fe site and the protonation machinery at the proximal cluster: replacement with non hydrogen bonding residues could compromise the mechanism.
Additional experimental tests using model systems are suggested below.
Discussion and summary
While the relationship between the major structural changes occurring at the proximal cluster and its gating of the direction and number of electrons relayed to and from the Ni-Fe active site is understood, it is the structural change at the proximal cluster that causes the appropriate electron transfers. The structural change at the proximal cluster is not simply a consequence of its change in redox state, but is the instigator of redox change. Change in geometrical structure from RED to SOX modies also the electronic structure and the redox potentials, such that the proximal cluster can readily release two electrons to the active site where they are required to rescue the Ni-Fe cluster from its O 2 -induced forms that are inactive in the normal H 2 oxidation cycle. Therefore the chemical cause of the structural change RED / SOX at the proximal cluster must be questioned, and this report provides a response. It is proposed that there is a closed proton shuttle involving the m 3 -S3 atom, which, when protonated to become m-SH, breaks its bond with Fe4 and facilitates the alternative coordination of Fe4 by the 'hard' deprotonated backbone amide N 20 , concomitant with the movement of the N 20 proton to the side-chain of Glu76, as described by Pelmenschikov and Kaupp. 44 The idea that protonation of cluster sulde causes disruption of cluster structure evolved from investigations of the effects of protonation of [Fe 4 S 4 X 4 ] clusters 42, 43 and of simulations of similar steps at the FeMo-co cluster of nitrogenase. 41 An H atom on S3 would not have been detected in the diffraction analyses of the SOX form of the proximal cluster.
It is proposed that the proton reaching S3 is from His229-N3 (or possibly from a water molecule in the vicinity of His229), being transferred rst to the S of Cys19, then to Fe4, and then to S3. The potential energy prole for this trajectory of H over the RED form of the proximal cluster is accessible. Other trajectories are conceivable, but, at this stage, appear to be less favourable energetically. Both proton movements at the proximal cluster, the NH deprotonation cycle and the S3 protonation cycle, are reversible and involved in the RED 4 SOX interconversion. They are expected to be synchronous, but details of the sequence of events in this double proton shuttle are still to be explored. Pandelia et al. 32 reported pH dependence of the RED/ OX potential, with a coupled pK a of 6.9-7.1, but the identity of the species involved is unknown.
The initial proton transfer from N3-H of His229 to S Fe4 and could ligate Fe4 at earlier stages; (8) these changes in the geometric and electronic structure of the proximal cluster to that of the SOX state change its redox potential such that it can release two electrons to the Ni-Fe site and initiate the reduction of the O 2 -inactivated forms of the catalytic site; (9) on release of the two electrons from the proximal cluster in the SOX geometry and bonding conguration, the proton ow is fully reversed as the proximal cluster recovers its RED geometry and bonding conguration to match its RED electron count. 4 ] cluster at the proximal position. There is a caveat here, because these model systems in solution are subject to acid-catalysed ligand substitution reactions 42, 43 that are unlikely to occur in the protein.
Methods
All calculations reported in this paper use Delley's DMol3 package, [48] [49] [50] with numerical basis sets (dnp). The calculations are all-electron and spin unrestricted. The geometric models and the electronic states, together with method validation results and functional choice, are fully described in the ESI. †
